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SUMMLRY _ B -

Solutions of the Hugonliot shock equations and
Meyer axzpansion sequations are plottsd in such a manner
a3 to permit thes pressure distribution, the locel Mach
number, and the angles of shockx waves on arbitrary
sharp-nose airfolls et supersonic speeds to be obtailned
directly., T

INTRODUCTICN

Ackeret, in reference 1, gives & method for calcu-
lating the pressure distribution over thin, sharp, two-
dimensicnel airfolls at supersonic speeds. This method,
based on the thsory of small disturbances, is only a B
first spproximation and therefore 1s most accurate for .
thin asirfoils. - -

The exsct relationshio for the pressure rise through
a normal shock wave, as given by Hugonlot, 1s dlscussed
in reference 2. Lccording to reference 3, the corre-
sponding relations which anply directly to the pressures
on & straight surface of an airfoll immediately behind
an obligue shock were obtalned by Neyer es sarly es 1908
A discussion of Meyer's equstions for the expansion of
supersonic flow around an infinite corner 1s also given
in reference 3. Frequsntly, interfercnce exists betwsen
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shook and expansion waves caused by the intersection of
two or more of these waves. ¥hen this intersection ls
2lose to the airfoil, as, for instence, when the alrfoll
has conslderable curvature, the celculstlons yielded by
the afarsmentlioned equations are not exact.

Tt has been shown by Perri (reference l.) that the
equations for an ohlique shock combined wlth the expan-
slon egquations give a close approximation to experlimental
results as reviewed in the section “"Presentation of
Figures! in this report. The use of the equations, how-
ever, involves long and difficult .computations. The
purpaose of this psaper 1s to give graphlc solutions of
these squationy in a form sulitable for raepid calculation.
Because the slze of the gravhs limlts their accurscy,
tables are given from vhich computational graphs ofmuch
greater sccuracy may te plotted. The relsations given
herein apply dirsctly to & two~diwmensional, or cylindri-
cal, flow in which the tronsverss velcclty ls superssnic.
As pointed out by Rusewann (reference 5) they may be
adanted ta the case of oblique motion of the cylirdrical
airfoll by the addlition of an aribltrary axial velocity.
Thus, as in reference 5, the relations may be anplied to
the case of a swept-back alrfoil lying shesd of the ¥ach
lines, in which case the velocitlss and Mach numbers usged
in the calculation are those corresvonding to the trans-
verse component of the flight velocity. In case the elr-
foil 1s swept behind the Mach lines the flow will be of
a dlfferent type as discussed in reference 6

SYMBOLS
M Meaclh nurber
1o} static pressure
q dynamlc oreasure
B - change in direction of flow (see fig. 1)
A ratio of specific heat at-—constant pressure to

specific heat at constent volume = 1. for air

8 angle of shock wave relative to direction of flow
before shock :
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v angle around which the flow would have to expand
from M =1 to the given local Mach number

p censity of gas

Subsarints:

a for conditinns after a disturbance

b for conditions bhefore & disturbance

n for local condition undsr consideration ) .
o] free stream

PRESERTATION OF FIGURES

A suvpersonic two-diwensional sir flow arocund an
ailrfoll may change 1ts direction elther by deflection
or by exvanslon arouvnd a corner. In case the change In
air-flow direction occurs by deflectlon, a shcck weave ls
gset up, and in case the change is by exparision, an :
expansion wave is set up. 1In either cass, the changs of
state of the gss can be vresented as a function of the
local Mach rnurmber before the disturbance and the change
in direction of the gas. o -

The equations from which the charts presented herein
are derived are given in the =sppendix. Values of laocal
Mach number, pressure ratio, snd nressure coefflcient
acrcss shock waves are given in table I. The local ¥ach
nurbzrs before and after exnansions are presented in
table IT and the static relations across expansion waves,
in taeble IITX. Table IV glves the pressure ratics based
on free-stream dynamic pressure for variocus Mach numbers.

Before the method of determining pressure distribu-
tion, 1ift, drag, and moments may be dlscussed, a method
of measuring the angles that causs expansions and shocks
must be selected. TFigure 1 shows the method used in the
present paper for measuring angles causing expansions;
figure 2 shows that for measuring sngles causling shocks.
The angle causing the disturbance 1s designated B in
both cases; f 1is considered negative 1f the dlsturbance
set up 1s an expansion wave and positive if it-is a shock
wave.
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Flgure 3 shows the manner in which the flow changes
when the angles are made too large for the given specds.
If the angle causing the shock is too great; the shock
wave separates from the airfoll surface. In figure
are glven the maximum angles that may exlst befaore the
shock wave sevarates, calculated as the boundary condl-
tion betwesen the region glving two solutions and the region
for which no solution exlsts. Tf the trailing portiom of
the airfoll is tooc blunt, the flow may sevarate from the
airfoil and leave a turbulent wake. Flgure 3(b) shows
that the expansion of the flow outside the wake 1s actually
less than it would have been had 1t followed the surface.
The nressure on the back of the airfeoil does not dscreass
so much as 1t would if the flow failed to separate, The
drags calculated 1f no separdtion 1s assumed will there-
fore be higher than those sctually experlenced.

The local Mach nurber after & disturbance (shock or
expansion)is shown in figure 5 to ke a function of the
local ¥ach number before the disturbance and the angle
causing the disturbarce. For example, if a flaow at =
Mach number of L.0 impinges on a suirface set at 50 to
that flow, & shock wave 1s set up behind vhich the local
“ach number is %.6l, while the flow behind the shock
wave ig parallel to the surface. On the other hand, the
same flow expanding around a 5% corner produces a local
Mach numbsr equal to L.l on the surface behind the expan-
sion.

gure & gives the ratioc of statlic pressures across
shock and expansion waves. For example, assume that a
flow at a local MWach number of LL.O'is shocked by & sur-
face slope change of 5 = 5 From figure 6 the pressure
ratio across the shock is 61 which means that the
pressure 1s much higher on the surface btehind the shock
than on the surface before it. If the flow at M = 4.0
had ezxnanded 5°, then the »ressure would have dropged
to 0.588., From this example it is seen that the 5
shock increased the pressure by 61 percent, whereas the
50 expansion decreased the pressure only 1i percent.
Ackeret's methed in reference 1 prqdicts egual changes
in pressure- for both the shock end the expansion, since
it 18 based on small dlsturbances. Present results
indicate, therefore, that anzles as large as 5% require
a more accurate anproximation than that given by Ackeret,
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The use of flgures 5 and 6 can be demonstrated by
golving for the local Wach numbers and pressures on the
simple airfoll shown in figure 7. Ths coordinates of
figures 5 and 6 are based on conditions before the dis- _
turbance and conditions after the disturbance. Tn fig-
ure 7 the conditions efter one disturbance are noted to
be the conditions before another disturbance. The
numerical subscripits found in the symbols of figure 7
sre To be sssociated, therefore, for use in tho charts
of figures 5 and 6, with the supseripts & and b, i
according to thelr relative positions with respect to
the disturbance. The airfoil of figure 7 is a symmstrical,
double-wedge airfcoll heving a 2° included angle at the
leading and traelling edges. For use in this examnle thHe™
sirfoil is at a positive angle of sttack of 3° and is
rmoving at a free-stream ¥ach number of L.D. The perti-
nent sngles es well as the conditlons to be dﬂtermined
are shown on figure 7.

Enter figure 5 at ¥, = L.0 saad B; = -2°, &nd
read off W; = l.16. This Mach rusber is used to obtain
M> = 4.33. vValues for the lower surface of the airfoil
are obtainsd in a similar menner. At coordinates of.

%, = L.0 and Bz = ke, ¥g = 3.70; and, &imilarly, when
the flow at My 1s expanded 2°, ¥y 1s found to be 3.8hL.

4 shock wave and an expension wave are shown dt the
trailing edge; however, since these dAisturbances do not

affect the pressures on the alrfoll, they will be neglected

end My, LOW Mﬁ’ and ML are the only Vach numbers
wvhich are discusaed, ]

The pressure ratlos across the shock and expsnsion
waves can be determined from figure 6. Enter figure 6:

at M, = 4.0 eaid an expansion sngle of 2° and read B
pl N 8 _ 6 - . -_—  _6'0_'_ -
- = 0.817. At coordinates of ¥; = L.16 and pp = -29,

o - _ : e WL EL
05 ' )
— 1s found to he 0. 509 Then
Pl

2 SRR _ o
2.t ;5 = 0.817 % 0. 809 0.661 )
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or the lower surface of the airfoil, p5/po s found
at coordinates M, = L.0, Bz = L®  to be Pz = 1.h7.

D
At M5 = 3,70, Bh = =29, EE = 0.829. Then
_ O3

P, P, P :

—_— = — X 2 - 1.219

Py p5 Yo .
Pa _ _ :

The pressure. ratios — may be converted to local

“h .
pressure coefficients %E . by the use of the plot glven

in figure 8. The resul®s obtsined for the laocal Mach
numbers, mressure ratios, and pressure coefficlents are
illustrated in figurs G.

Once the pressure distribution 1s determined, the
1lift, drag, and moment ccefficlents can be obtained by
integrating plots of the tyoes given in figures 10, 11,
and 12. The 1ift coefficient is opbtained by integrating
the projection of the alrfoll pressure distribution on a
vlane parallel to free-stream dlrsction. For the example
airfoil at Nach number ;.0 and angle of attack 3°, the
11ft coefficient is 00540. The drag coefficient is
found 1n the ssasme manner except thut the Integration ls
over .the projection of the alrfoil prsessure distribution
on a vnlane perpendlcular to free stream. The pressurs
drag coefficlent for the example airfoil is 0.00315.

The total section drag coefficient is the sum of the
viscous and vressure-drag cosfficients; forinstance, if
the viscous-drag coefficlent is 0.0060, then the total
drag coefficient 1s 0.0060 + 0.00315 = 0.00915. The
moment- coefficient, obtained by integrating the
elemental moments about—the point—desired, becomes
0.001112 when taken about the center for the example
girfoll.

In the precedlng exampnlses step-by-step calculations
were made slong the ailrfoil, in which case the results
obtained at any point are dependent on the accuracy of
those at the preceding points, The results thus obtained
on the rear of the airfoll may be subject to greater -
inaccuracies than are necessary. A method i1s consequently
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dgiven for determining the condlitlons behind each of a
series of expanslons indevendently of the coriditions
exlsting at intermedlste voints. TFor the examole air-
foll of figure 7, the free-stream flow was sxpanded
around a 29 corner to obtain the conditions on the front
of the uppser surface and these conditions were then
expanded around the second 2° corner to give the condi-
tions on the rear of the upper surface. These last con- SRR
ditions, however, could have been found directly by .
referring the rear of the upper surface to the free-stream
conditions and expanding through the totel angle (L°) at—

once. Theoretically the results obtalned are exactly the

samwe regardless of vhich methed ig used, provided no

shock waves &re nresent between the end-polnts of the

calculatlion. This methed of sdding angles does riot apoly

wnen these ere intermediate shock waves becauseé of loss

nf total head in the shock wave. .

If it 1is desired to calculate only the pressure
dlistribution, it 1s not necessary to find M s ‘é;"

¥,, or pp/o; for an airfoll slmilar to the type in )
the exsmple glven. - . BRI

Figure 13 is taken. from reference L to compare the
experimental pressure distribution on an airfoll with
the calculated distribution. #Hven though the wind-tunnel
tests were of & very small model and although the airfoil
is not of & type varticularly suitakle for ¢calculations,
the calculated snd experimental values seem to compare
favorably except for the region of separated flow near
the upver trailing edge of the airfeoll. The method of
the present report is nct exact for an girfoll of this
tyoe, which has considerable curvature along its entire
length. Ths inaccuracy csusad by the curvature, howsver,
seems to be small., The thickness ratio and angle of
attack of the example airfoll are somewhat higher than
those for which the msthod is racowrended. Rafzremce lj
axizlains the sevarazted rezion of flow. o :

Ienglev Memorial Aerorsautical Iaboratory - -
" National Advisory Committee for Aeronsutics - R -
Tungley Field, Va., April L, 1946
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APPENDIX -

YETHOD OF ANATLVYSIS

Shock waves

Suversonic alr flow about an;girfoil.may be said

to congist of expanslions and shocks., Peference 2 men-
tions the fact that a change in entroépy occurs through
a shock wave. Threse condlitions are shown, however, to

goply to the velocitles, pressured, and densities at the
two sides of the shock wave, namely:

(a) Continulty of mass

(o) Balance between pressure difference and change
of momentum

(c) Conservation of energy

These conditions lesad to-the three basic egquations:

'j
fé _ tan 6
| Py tan (8 - B)
°r | > ()
Ap _ ~s8in B
Pa  sin 8 x cos (8 - £}
-~
ﬂ
42 = 2 sinze AP
4p Pg
: F (2)
_2.8iln B X 8in @
cos {8 - B)
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Ap _
— = (3)
ap Ap
o T
Then, by use of ths relation
D
%E:_E_E<5E—9 ()
b o4M = \Pb
1t follows that
Pg 7Mb2 sin {3 sin 8 _
_—= + 1 (5) oo
By cos (8 - B) '
1 = a1 29 _x+ 1 sin G sin 6 (6)
Mba 2 cos (&8 - B)
cos 8 Pp Pa
My S My —— —= =2 (7)

cos (6 - R\ Py Fy

By substlitution of arbitrary values of & and B in
equations (1) and (6), the corresovoriding values af
density ratio across the shock and Kach number befors

the shock are obtailned. If the simultaneous values of &,
3, and ¥, are used with equations (5) and (7), the
nressure ratlo across the shock and ths Mach number 7
after the shock are obtained.
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Figure 1l shows the angle of the shock wave as &
fanction of the YMach number befaorle the shock ¥, &and
the angle defining the change in dlrsction of the flow £.

The pressure ratios and the ¥ach nuwbers after the
shock have already been discussed, for figures 5 and 6.
se of the ratio of oressure after any shock wave to
Tree-stream static vressure, together with free-stream
Mach numbsr in ejuation (L), maler possible the deter-
mination of the oressure coefflicient bekind that shock
wave. Figure & has shown the grsih for converting
nresgure ratios to pressure coefficlents.

ixocansion vaves

The flow after the shock wave may be considered
adlabatic as long as the flow 1s ¢xpanding. By the use
of such flow conditicns, the velaclties, dsnslties, and
pressures may be calculated. Experimentally some trouble
is encountered when extremely large angles of exvansion
are used. The flow may break dowrn and form a turbulent
walle of somewheat higher static prdssure than might be

expected 1f the flow _had oontinued to expand around tihwe
corner. -

RPeference 3 considers that a flow at a Mach number
of 1 expands around some snzle UV . sand reaches a higher
Vach number M defined by the relstion

4 + l _1 V 4 ~ 1 -1 1 A
v Mo - -c L
¥ - 1 \/7 ¥ 1> cos Ty (0

By expanding arcund &n engle V., the flow reaches a
Mach number Mp; sand by expanding'sround some larger
angle Vg, the flow reaches some higher Mach number _M@.
A Tlow at the flrst Mach number My can then reach the

higher Mach number W, by expandlng around the small
sngls,

"B:Ua"vb: (9)

I
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Equations (8) and (9) serve as the basis for cslculating
the expenslon lines in figure 5 showing the variation

of local Kach number with changse in surface slope.

Another equation derived from the work of reference 3
gives the pressurs retio across expanslon waves as

A
4-1

Dy 2+ (4 1) Lb2
Pa _ (10)

8]
b 2+ (4 - 1) Ma

From equations (35), (3), and (10), 1t is vossible
to calculate the part of figure 6 that glves the pres-
sure ratlo across expansion waves as a function of the
local MMach number before the expansion and the change
in surfacs aslopes.

The figures shown In this report, because of their
lirited size, may not be accurate enocugh for routine
calculations. It mway be desirable to plot the graphs
to a larger scale before using them. Tor this reason
the values are listed in tebular form for the msain
graphs. .

Tables T and IT should be accurate to all the figures
shown, but tsble IT may not be exact in the last figure
since the exnansion calculations reguired graphical
interpolation between very close compubed polints.
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TABLE I.~- VALUES OF LOCAL MAOH NUMEER, PRESSURE EATIO,
AKD PRESSURE COEFEICIENT ACROSS SEOCK WAVES
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TABLE I.~- VALUES OF LOCAL MACH KUMEER, PRESSURE RATIO,
AND PRESSURE COEFFICIENT ACROSS SHOCK WAVES - Continued

L Pg 4Pq,p 9 D Apg p
(deg) (dEs) g Ya Pp g s (deg) (dfg)_ ¥y Yy —; '—;:—
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TABLE I.- VALUES OF LOCAL MACE KUMEER, PRESSURE RATIO,
AND PRESSURE COEFFICIENT ACROSS SEOOK WAVES - Continued
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TABLE I.~- VALUES OF LOCAL MACH NUMER;: PRESSUFRE I';f.-ATIO,
AND PRESSURE GOEFFICIENT ACROSS SHOCK WAVES ~ Continmed
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PABLE T.- VALUES OF LOCAL WACE NUKEER, PRESSURE RATIO,
AND PRESSURE COEFFICIENT AOROSS SHOCK WAVES = Consluded

o 8 Pa APa,p 6 8 Py ap
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TABLE II.~ LOCAL MACH NUXBERS BEFORE AND AFTER EXPAKSION
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TABLE IXI.- STATIC PRESSURE RATL? ACROSS EXPANSION WAVES

A

Retlio of static pressurs after to st_lij.i_o_ pressure before expansion, p./pp

P

u‘
L]
bl
o
[}

50 hﬂ 50 &° 70 8° 90 100 11° 120 130 J:ho

0.80486 0.76192

. Se e ees Ve cevee A
OD@-ICN FWNHQ VEICW FHNNEO @I FWUHO V@I0W FUNEO 20-30ah FOalNE0 D0 PO WVEIew FUlNee
HERPHEF MR RRE PRREPHE PRHRERE HRRPH HRERRE HREREE HRRPR HRERNR R R R RR e Hi—lHH,- R PR

(O~ m1=1-1 =] ~1=J=3 O OVORONON ONORNORONOY WAIMIWD ATUMAUMN ERREETETR SEREETRT WRDIWDIODB DIDIOINADE DRNDRIN DR RN, R e H R e
. Te e e e T e e e aee by - s s 84 9es eee g . R R N R R R R R R

.72329{ 0.68896 |0.65588|0.62,88[0.59) 0.56608| 0.539211 0.51225|0.4887 o.h&gu
FEEE R e 2
O ot Iy B e IR I B AR s <A ¢lg) - .

%%%%%mww%%ﬁ%
| B Rl k| ) ) 0 g i i Rl e 1
B e T G A T A H ) e e
g2t :f R BRI T R R IR B O :t,% e :53%%.,
.81507] .78970| .70781] .65891| 63160} .56 . 2] .L8915] .L5188; .L1 .%231. 1
:§z—§§z :752% :ggh“g [idey| 1oie :Eﬁﬁg 185653 :ﬂgﬁ :Eg”"% :%°§§ :gwlgé & 3
.79h30] 73230 1é7s38| Lé2bs 3?.-%1 8308 | (LBELS| 1E3%6| Lohe| [3éava| 3373 ‘.30722
<7254k | .66790] (614191 .56305| .51517| JA31hs| (393523] L3SBUL) . .2956
| ok ) e & o ABg ) e A )
RIEANETH R F iR 35T 5igd| 2

W0 0 e e e
| | | g :fﬁ%ﬁi i d e ha g )
.7;2!;1;' .65851;..5891; .52725| 4707k | .L1g23] .37201| .330%36] .29171 .zzzo :22650 .19869
ek EEEE = E-EE b
R e8| c2ssks) oRaR| uelR) (3Rhs| 3H0R) (39518) 5%y EBE (S| B

18657

181] J705L3 | .62566 | .553431 4878k | .h2920] .3762h| 328791 .28733] .2hshs| .21836] . .
L AR R e R T A

NATTONAL ADVISORY
CO¥MITTEE FOR ARRORAUTICS



NACA TN No. 1143

TABLR III.~ STATIQ PRESSURE EATTO AQAQSS EXPAMSION WAVES - Conoluged
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TABLE IV.- PRESSURE COEFFICIENT BASED ON FREE~STREAM DYNAMIC PRESSURE

Preassure coefficlent, APn/q,
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PARLE IV.- PRESSURE COEFFICIENT BASED OKN FREE-STREAM DYNAMTC PRESSURE - Concluded

Pressurs coefficisnt, APn/do
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Fig. la,b
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Figure l.- Method of measuring angle causing expanslon.
The angle causing expenslon 1s always consldered
negatlve.
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(b) Shock at intermediate point along airfoil.

Filgure 2.- Method of measuring angle causing shock. The
angle causing shock is always considered positive.
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My </ if erttical o'n]/e /s exceeded

R | .

(6) Expansion limitations exceeded (Turbulent wake
set up)
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Figure 3.~ Effect of execeeding the limitation on angles.
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Pigure li.- Surfuce-angle limitation for attached shock wave.
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Fig. 5
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Figare 6= Stalic pressure ralie ackoss shock and expansion waves ,



Figuve 7.~ Example airfoil (showlng c¢onditions tc be determined).
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. Mpgurs 9. ~ Exanple airfoil (showing resultis chbisined),
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Figure 10.- Determination of 1ift coefficient from
pressure distribution for example airfoil of fig-
vresa T and 9. Value obtalned by integrating
shaded area gives 1ift coefficient, 0.0540.
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wre 1l.- Determipation of dreg coefficlent from pressure distribution for exampls
foll of figures 7 and 9. Value obtalned by integrating shaded area give
as drag coefficlent, 0.
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Figure 12.- Determination of moment coefficlent from
pressure dilstribution for example airfoll of fig-
ures 7 and 9. If leading and trailing surfaces
§ive moments in the same sense add the area between

upper leading" and “lower leading" to that between
typper trailing" and "lowér trailing® lines. The
value obtained by integrating shaded area gilves the
moment coefficlent about 0.50 chord, 0.00011l2.
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Flgure 13.- Comparison of calculated and experimental- results
from NAGA TM No.946. a = 140; M= 2,13 R = 640,000;
thickness = 0.10 chord.
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SUPPLEMENT
NACA TECENICAL NOTE NO. 1143
CHARTS FOR DETERMINING THE CHARACTHERISIICS OF
SEARP-NOSE AIRFOILS IN TWO-DIMENSIONAL '
FLOW AT SUPFRSONIC SPEEDS

By H. Resse Ivey, George W. Stickle,
end Alberta Schuettler

September 1947
Since Technical Note No, 1143 was completed, the need for a more
extensive version of table I, "Values of Local Mach Number, Pressure
Ratio, and Pressure Coefficlent across.Shock Waves," has become apparent.
This table 1s now available in expanded form; and a copy of the expanded
table is included in this supplement teo supersede the original table I.
Errors in the original publication are as follows:

Page 11l: The first sentence of the last paragraph should. begin
s "Tables I end IIX . . ." instead of "Tebles T and IT . . .

l Corrections in tebles II and III are as follows:

Table IT.~
i, - M,
2.3 23° 34225
2.6 103 3.0867
h.3 30 4 .5658
b7 70 54669
L7 8 5,5922
4,7 9° 5. 7240
6.2 g° 7.9200
Table IIT.—
M, -8 Pa/Py
1.k 14° 0.49071
Y.7 21,0 .02350
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Figure 13.~ Each vertiocal space along the scale label for pressure
coefficient Ap/q should represent 0.125 instead of 20; thus, the

vortical scale should appesar:
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